A poleward shift of the mid-latitude storm tracks in response to anthropogenic greenhouse-gas forcing has been diagnosed in climate model simulations 1,2 . Explanations of this effect have focused on atmospheric dynamics 3-7 . However, in contrast to storm tracks in other regions, the North Atlantic storm track responds by strengthening and extending farther east, in particular on its southern flank 8 . These adjustments are associated with an intensification and extension of the eddydriven jet towards western Europe 9 and are expected to have considerable societal impacts related to a rise in storminess in Europe 10-12 . Here, we apply a regression analysis to an ensemble of coupled climate model simulations to show that the coupling between ocean and atmosphere shapes the distinct storm-track response to greenhouse-gas forcing in the North Atlantic region. In the ensemble of simulations we analyse, at least half of the differences between the storm-track responses of different models are associated with uncertainties in ocean circulation changes. We compare the fully coupled simulations with both the associated slab model simulations and an ocean-forced experiment with one climate model to establish causality. We conclude that uncertainties in the response of the North Atlantic storm track to anthropogenic emissions could be reduced through tighter constraints on the future ocean circulation.
we calculate the temperature response pattern (2060-2099 minus 1960-1999) for each model and regress this set of patterns on a vector comprising the MOC reduction in the same models between the same two periods. The result is given in Fig. 1a , showing that a larger MOC reduction is associated with a greater cooling in the North Atlantic, which locally offsets the greenhouse warming. This is consistent with the role of the MOC in transporting heat northwards into this region. A dimensional version of this regression analysis applied to the region (20 -60 W, 45 -70 N) gives a temperature change of 0.31 K for a 1 Sv weakening of the MOC, consistent with previous analyses 21, 22 , with a corresponding correlation of 0.67. Figure 1c shows the regression of the storm-track response onto the MOC response (see Methods). This shows a clear and significant signal, with models featuring a strong MOC response also exhibiting a particular strengthening and eastward extension of the storm track towards Europe. The regression of 850 hPa zonal wind responses onto the MOC responses is shown in Fig. 1b , indicating a strengthening and eastward extension of the low-level westerlies over and downstream of the main storm-track region, consistent with the mean flow forcing expected from a strengthening of the storm track. If the regression is instead carried out on the global mean temperature response of the models there are no significant regressions for either of the atmospheric fields (not shown). This shows that although the North Atlantic storm-track response is related to the weakening of the MOC, it has no dependence on the climate sensitivity of the models.
In comparing the storm-track response with the MOC response, the set of models is reduced significantly owing to data availability. To demonstrate that a similar relationship is likely to be seen across all the models we show a similar analysis in Fig. 1d -e using only the atmospheric fields. We take the leading empirical orthogonal function (EOF) of the set of surface-temperature response patterns as a proxy for the MOC response in the full set of climate models. In this application, the EOFs are the patterns that explain most of the spread between the 22 individual model response patterns, and the principal components give the relative projection of each model response pattern onto the corresponding EOF. The leading EOF over this North Atlantic region ( Fig. 1d ) is very similar to the surface-temperature regression onto the MOC response, which implies that the MOC plays a leading role in the spread in North Atlantic temperature response. The regressions of zonal wind and storm-track activity onto the associated principal component are shown in Fig. 1e ,f. The storm-track response in particular is also very similar to its counterpart in the MOC analysis, indicating that the MOCstorm-track relationship carries over to the full set of models.
The wind patterns show some difference in the mid-Atlantic but are again quite similar over Europe where the pattern in Fig. 1e is most significant.
To show that these relationships are consistent with the influence of the MOC on the storm track we show in Fig. 1g -i the results of a freshwater hosing experiment with the HadCM3 climate model. In this experiment the MOC was artificially shut down by continuously adding fresh water to the North Atlantic 23 . The responses shown here comprise the differences between 20-year equilibrium periods in the hosing and control runs 13 and have been linearly scaled so that the patterns correspond to the same MOC change as in Fig. 1a -c (3.5 Sv). The response to MOC shutdown is very similar to the regressions among the CMIP3 models, with surface cooling in the northern North Atlantic and a strengthening and extension of the storm track and zonal wind downstream into Europe. This quantitative comparison indicates that the MOC changes seen in the CMIP3 models are able to cause storm-track changes at least as large as those seen. Some differences from the regression patterns are evident, in particular in the temperature changes north of Scandinavia, where the presence of sea ice indicates that the response would not scale linearly, and in the zonal wind over the western North Atlantic.
To illustrate the scatter in the relationship, Fig. 2a compares the MOC response with the storm-track response averaged over the main storm-track region, where there is also a strong and significant relationship with the MOC response in Fig. 1 . There is one outlying model with a very strong MOC decrease, but regardless of whether or not this model is included in the analysis, the regression accounts for at least half of the spread in the storm-track responses between the models. Figure 2a also shows that the storm-track responses are generally as large as the internal decadal variability and that for models with a strong MOC response the storm-track response is large enough to be of the same magnitude as the interannual variability. In fact, for some of the individual models this signal-tonoise ratio is close to or greater than one (not shown). The MOC therefore seems to be a strong source of uncertainty in climate projections of Atlantic storm-track change. This regression analysis can also be used to infer the role of the MOC reduction in the ensemble mean storm-track response to forcing. Figure 2b shows the diagnosed ensemble mean storm-track response and Fig. 2c shows an estimate of the same quantity, calculated by applying the pointwise regression fits of Fig. 1c to the ensemble mean MOC response. The MOC-derived estimate is very similar in character to the diagnosed response, and the residual pattern (Fig. 2d) shows that they differ only in a southward shift of the storm track, which is evident in the diagnosed response but not in the MOC-derived estimate.
Atmospheric changes such as the storm-track and zonal wind responses seen here are likely to influence the ocean circulation in various ways 24, 25 . To show that the ocean is not simply responding to the atmospheric changes we now analyse the slab model versions contained in the CMIP3 archive. These models do not represent changes in ocean dynamics and heat transport (see Methods), so differences in the ensemble mean responses of slab models and atmosphere-ocean general circulation models (AOGCMs) indicate that the AOGCM mean response is influenced by the ocean. The pronounced minimum in surface warming in the North Atlantic in the AOGCMs (Fig. 3a) is not seen in the corresponding slab models (Fig. 3d , with the difference field in Fig. 3g ). This confirms that this feature arises owing to the changes in ocean circulation and heat transport, which is generally assumed but has not been demonstrated before in this way to our knowledge. However, the zonal wind responses are almost identical in the slab models and AOGCMs (Fig. 3b,e,h ). This indicates that changing ocean heat transport has little influence on this part of the mean zonal wind response of the AOGCMs.
In contrast, the storm-track response is different in the AOGCMs and slab models (Fig. 3c,f,i) . Interestingly, the response in the slab models is a strengthening of the storm track, so that even in the absence of ocean circulation changes the North Atlantic storm track does not shift polewards in response to forcing. The addition of a dynamic coupled ocean then acts to shift the storm track southwards in the response pattern. This is consistent with the enhanced meridional SST gradient at latitudes south of the British Isles, corresponding to an increase in baroclinic instability for storm development, and a decreased meridional gradient at latitudes to the north. The slab model comparison therefore confirms that the changes in ocean circulation have some impact on the storm track. Surprisingly, the storm-track and low-level zonal wind responses seem to be decoupled to some extent in the model responses. This is a general feature of the mean response of the AOGCMs, where the zonal winds shift to the north and the storm track shifts to the south. Further investigation is clearly required into the relationship between the storm track, the eddy-driven jet and the baroclinic zone in a changing climate. The results presented here show that there is a strong relationship between the MOC and storm-track responses in the AOGCMs. The response of the atmospheric mean circulation and storm tracks will influence both gyre and overturning circulations through changes in wind-stress forcing and surface fluxes. Analysis of the slab model versions shows that the changes in ocean circulation in turn influence the storm-track response, and comparison with the hosing simulation provides further evidence of causality from the MOC in particular. In this way the ocean and atmosphere circulations are responding to the forcing as a coupled system.
There is an interesting contrast between the slab model and AOGCM results. Figure 2 shows that the aspect of the mean storm track change that cannot be explained as a linear response to the mean MOC change is the particular strengthening of the storm track on its southern flank. Correspondingly, the mean effect of including a dynamical ocean model is precisely to shift the storm track south in the response pattern (Fig. 3) . These storm-track differences are consistent with the differences in SST patterns, which are focused in the western North Atlantic in Fig. 1a but extend across the basin in Fig. 3g . This implies that the MOC alone is not sufficient to explain all of the coupling introduced with a dynamical ocean model and that other processes such as changes in the wind-driven circulation may play a role 26, 27 .
Here, we show that future storm-track uncertainty could be reduced if projections of MOC behaviour can be better constrained, through improvements in either climate modelling or ocean observation. For example, climate models with a relatively strong MOC in their control simulations tend to predict a larger than average reduction in the MOC. The correlation between these quantities is 0.46 for the models in Fig. 2 but has been found to be larger in other model ensembles 21, 28 . Observational estimates of MOC strength could therefore provide an effective means of constraining future storm-track projections.
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Methods
Here, we analyse the ensemble of climate model simulations carried out for the CMIP3 intercomparison. Up to 22 coupled AOGCMs have been used, depending on the data availability for the specific diagnostics required, and these are described in the Fourth Assessment Report of the Intergovernmental Panel on Climate Change 29 . The forcing scenarios 20C3M and SRESA1B are used to characterize the end of the twentieth and twenty-first centuries, respectively.
Following previous work 8 , the storm track is described using the standard deviation of 2-6-day bandpass-filtered sea level pressure (in hPa), for which the necessary data is available for many of the models for the periods 1960-1999 and 2080-2099. Monthly mean fields of surface air temperature (in K) and zonal wind (in m s 1 ) have also been used, in this case over the longer twenty-first century period of 2060-2099 as the data is available. The surface air temperature describes changes in sea ice as well as SST, which may play a role in the ocean-atmosphere interaction. In all cases, the response to anthropogenic forcing is defined as the December, January, February (DJF) mean of the future period minus the DJF mean of the control period. The MOC is described by the maximum value of the meridional streamfunction (Sv ⌘ 10 6 m 3 s 1 ) at 45 N in the Atlantic Ocean, although similar results are obtained if the MOC is instead defined by the maximum value wherever it occurs. All results are derived using wintertime (DJF) atmospheric data but annual mean MOC values. Figure 2a includes values of the models' internal variability in the period 1960-1999. For each model the interannual variability was calculated as the standard deviation of the individual winter means and the box plot summarizes these 14 values. For the decadal variability, one value was obtained by combining the decadal means from all 14 models (after removal of each model's climatology) and taking the standard deviation of this set of 56 decadal anomalies.
The slab models used comprise an atmospheric model, as in an AOGCM, coupled to a single-layer ocean model, with prescribed seasonally varying fields of ocean heat convergence (in W m 2 ), which takes the place of a dynamically evolving ocean. Comparison of the AOGCM and slab model responses reveals the importance of changes in ocean heat transport in shaping the storm-track responses. The slab simulations are equilibrium experiments with preindustrial (year 1860, with 280 ppm CO 2 ) and doubled carbon dioxide concentrations.
The HadCM3 hosing simulations were carried out by Vellinga and Wu 23 and we analyse the same twenty-year periods as in ref. 13 . Between these two periods the maximum MOC at 45 N in the Atlantic decreases from 21.6 Sv to 0.9 Sv.
